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I. INI'llODIUrnoN 

TiHiii«]>(trl. cKaViiigiiig Hiid cliciMical IraiuroriiiaLioiis uf iiiil|>liiir niul niliogcii |iulliiluiits m a (icld of 
ciHivt»;livc cloiiilii (lie ttlutliuil in tliU |>a|jer liy iiicitiut ura llirw UiiiKiiiiioiiul iiu'auiMiilit iitotlcl, willi liorixoi)t;il 
re:>4>lulioii of 10 km taiitl |i(irttiii<.<tcrixi;tt aiibgriJ dftrcls. AlLciitiuii is roi:iiM.-U on iliu itvcragc cftvcla of cuiiiiiliis 
LUiivt-fliuii, as well aa lla- retaLive iiiiporlaiice uT iliirvrviit iiiicropliyiticBl bikI cliuiuiciil |irociiMcs. 

I W |>api-r is ah oiKcoiiie of llw aullior'a slay al tlie (.IKHii Forscliiiiigsxiiilnmi CcHHstliHrlil (iiiibll in 
(ui-ilhavlil, \V«?sl (*criiia-<y and llie cultaboratioii willi its htatf on tin- tl<jvctu|iiiicnL of a iiiU!toM-Hlo iiioJt;! of 
lriiitii|>url iinJ Iriinafonnation:* of alitiuiiplicric |)ollnlant^. 

I'Im; Hiiivcmly of'luroiitu and Ontario Hydro dond cliciiii»lry ntotivl (Iriltiiriie »itd KUlo, lUtiB) has l>«!t>n 
coii|.ktl for Ibis study with llie developed at UKSS cloud iiiicrovliysics iituttulc (Levkuv et al , 1087) and a 
I'uraiialtriitalioii nclicuie for tlie snbgrid elfects of cuiiiulud cuiivcctioii (Uvkov el a|., lUtttia). Tbcsc ittodL-U 
urc driven by a rebilivcly siiii|>le dyiiaintcal model, wliicit will l)« re(>liicvd in fnliiru willi a BO|>bistci)leU 
MicMjacale mwlcl GklSIMA being dt:ve)o|tcd al CJKSS Tlie model is briclly described below More dclaileJ 
dvMri|iliuii U given by Niewiadoiiiiiki el al. (tlMi9). Delaileil formitlaa can be funnd in apj)ro|>ri«le repurU 
refi-rvncvtl in M.-clioii 2. 

2 TIIK MODCl. 

'1 1 Dyiiumicii 

'Ibe dynamical module is bailed on tbe model of Beitiailon (tU8-l)- l>eluiled formulas can be found in 
]ia| ersi of {.uvkav el ul (I9tf6u,b) Tbe iikxIcI solvea llie liydrosiaLically a|>|>ro\intulLd jtrugnoslic e«|ualion8 
for riioiiienUim, polenlial leiiifMrralurc, ajiecific liunitdity, liytlromuleor mixing; ration, uiid cbemical variables. 
Tilt: turbulent traniifiurl it parainelerized lliroiiglt first-order closure; surface /luxes are coiupnled according 
lu iJiJbiuger e( ul (liiTI). Source terms due to iiticrofiliysical auJ cbemical )>roccKM» H.t well iis due to llie 

Aiil'grid elfecljt of cumujus clouds are (>rovitleti by llic descrifieil below iincro|(liyMcal, cliemical and cloud 

n»oiiulo 

2 2 (.'luiid iiiicro))by:itai 

TliK iiKitlcl follows llie 'bulk micropliysics' approacli. Tbe liquid water is divided into riiiii and cloud 
water ftaclioH^. Cloud ice and snow are combtned in one wariable, wliitli will be refi-red lo as 'miow'. 
Tbe following iiiicro|diysicnl processes are included: condensation, evaporation uiid freezing of cloud wuler, 
uuloconversion of cloud water lo rain, subliiiinlional giowlli of snow, accretion of cloud dro|ilel« by ruin 
und snow tmrticles, freezing and evaportition of rain and iitclting of snow. Transfers of )iollulaitU between 
cluml wuter, ruin and snow due to iincro|ibysicnl |trocessus ure i'oni|iuI(Ml in tlx; rliemicii) module. Deluiletl 
forniiihbi cun Ih- ioiiinl in l^vkov et al. (IUt(7), VnrioiiH <iri|iirt.'l?i of litis iiittdi.-| are iils«i iliticuas<:d by bevkov 
elal. (iUM8) 

2 .1 t'liemisiry 

Till: clictnit :d iih'diile, com|iiiting tin; MXiri**; terms f<tr rlirmiriil vjiriiibl<-> iIiht lt> t'lMrmiiJil .ind iiiifnt 
liliyninil itrort-^-xvi in h hli^litly uttHliliiHl versHHi (»l ibe moib-l of lrib:irn<- tmd Mdo ( |!t^,'i) li.-. biinic idi-:t>. art' 
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ilivs<TilMil (>y Irilmriic hihI ('Ito ( 10K8). 'I'Ih: t^Ivh nf llu' tiiicrottliysira) Iraiisfer proccssts are provitlcd by llie 
iinrr(i|tliyriiral tiiodiilc. 

'I'lic following rliMiiical |iroi't.-H!(<;s lire iiicliKled in (lie nK>itet: 

it. ()xi<liili»ii orSOj ill ckiiid ami rain mtlvt by lljOj dissolved rroiii tlie air. 

|i. Oxidaliuii or SO] iit cloud aiid mill wuUt by O3 dissolved from the air. 

c. Oxidatiuii of NO7 by Oil in gast-fxix phase tvjlb siil>sc<|ut;iit dissolnlion in cloud water of tlie IINOj 
l«>riiic<l. 

d. Oxiilnlioit of NO by ON in gaseous |>]ibsk willi snbsefiueitt dissolntion in cloud water of Llie IINO3 
fnnitcd. 

Note, lliaL while llie 1120] coticenlralioii in both, cloud aiul rntii water is a separate prognostic variable, 
IIk* nir concoiilratioits of ozone and Oil, as well as CO}, are assumed constant. No chemical reacttoita take 
)dnre in the ice phase, the snow is however a iiiedinin of vertical Iruitsport of potliitaiits and of their transfer 
between cloud water and rain, 

3.4 Cumulus paraineleruatioa 

Paraiitclerixation of the siibgrid efTccts of cnmubia convection is based on the ideas of Augstein and 
Wciidel (1081). The scheme, which uses a simple, one-diincnsional, entraining cumulus model to obtain the 
cloud parametem is briefly described below, tor delaiU sec Levkov et al. (1986a). 

The Kcheine is applied in each column of lite model, where the large scale vertic^ velocity (computed by 
the dynamical module) exceeds a prescribed value at the lifting condensation level. If i-Sal criterion is fulfilled, 
the in-cloiid parameters (temperature, iiwiiientum, hydrometeor mixing raticM, and chemical variables) are 
computed with the 1-D cloud model, using the microphysical parameterization described above, and the 
enlraiitinent coefTicient given by an exponentially increasing function of the altitude above the cloud base 
(I.CL). The model is started at the cloud base with vertical velocity equal to the Deardorff's convecttve 
velocity scale. The computed vertical velocity is at each level reduced by a constant factor accounting for 
the partial coverage of the grid cell by clouds. 

For each prognostic variable of the model, effects of convection are then assumed al each level as 
pni(>ortionnl to the in-cloud vertical velocity, cntrainiiieiit funcLioii and the difference between the valiiea of 
the considered variable in and outside tlie cloud (i.e. between llic values provided by the dynamical irtodnle 
and the 1-1) cloud model). 

3. TIII':KXPli:iUMKNT 

Tlie iiwdel was run with time steps of 20 s in a domain of 2IX) x 200 x 10 km with horisontal resolution 
uf 10 km and vertical grid step 50 111 for the lowest layer and 500 m for all other ones. Ttiree runs of the 
model, with two pollution scenarios, iinpoBed on two meteorological cases with differenl characteristics of 
micruphysical processes, were performed. Their results are discussed in section 4. The input data for these 
cnscs are described below The inodvl was run for two hours of real time, simulating therefore rather early 
filag<!s of 1\k cloud development. For each run this time was however signincaiit precipitation reaching the 
ground. 

Tlie meteorological comlitions ntivd in the runs 1 and 3 represent moderate latitude maritime convection, 
nnd are durivetl from the H Oct. 1081 cnso of the North Sea KonTur experinieiit. The data for the run 2 
r«>mc frotn the 2 Sept. 1971 case ofCJATK and is chnracterislic for the intertropical convergence sone. 

The l>oliaviour of the dynnniicul niitt iiiirrophytitc»l parlx of the inutlcl for these two cases is discussed 
by IrfrvkdV 4;l al. (h)8<>a, ll)8(»b). Tin; riiiiifidl rain, as well as IIh; cloud water and miow inixiiig ratio at the 
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F.-i. 2.. 



.rmtorMiiiiiluUms, ar.- |»r.-s. iil.-.! iil Kig 1 (run 1 ) lui.l Kig "2 (run 2), jiltHig wilti i^>liii.-H.^ri.iiiUiit. r miI|.|i;,i,- 
toitl.lil tl.w? («> llie gruiiiia 'I'l..- lru(iKi»l iiaac (run i) protliaca itinrli nii.rc .Uiiirl wiit.r mi.), i v. i.liii.lly 
mofi; ratii, but Itie rain <lcvt:lo|i!i »l..ttcr iiii.) l»> llie vnil of Die stcoiid liuiir ol biiiiiilaliun ilu rt>nt i.nini(i»ii in 
III «*««■ grid t-L-IU higltcr, but •!(« tutul cunUiil iit tlie iloiiiitni luwcr limit in lli.: Kiin'lnr him- (riiii» I iiinl ;(). 

I lie Iwo .irliilriirity ahsniiwJ imlliilion iiisi^ rejuisonl Miinmcr (niiiit 1 nml "J) iiiul ivinicr (run :() lon.li- 
lii>iii> ul iiiudiraU- iiolliition. Fur I'iitli chcitiiral variable of lIk; model a uniri>rii( toiuunlriilioii was ii:>jiiiiHd 
in lltL* lowtst levda of llic iiHHk'l (ii)i lo I50U in) and aiiolhur, uniruriii <:oMtt--ii|riilion al»uv« liint l.\x-l. 
riiLs.: iiiihal prulilca arc prc^nh.d in Titldi: I. Ibe iitain diffurcncu bclweuii Uicwj tasm ht ibc iinitti Umtr 
LunvonUiilioii of HjiU for lite winU-r taitu. 



lAUl.E I 
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tlcnjculs of lire i,uI|>ImU biKlgcl are presi-iiUJ in TaMe 2 llie values eih.ii in llial tabic arc, llic 
illUtiriavtl over llic wlioli: Joiuaiii alul two lioura of aiiinilatton, source terms for tlie sulpliiite variables, 
roiM|>uteil ill the clieiuical iiioilule. Tlie dilfercrice between Uie Boiircc aiij sink terms is llie euiilribution of 
incliiuJ and below clouil processes to tlic total content of sul|>bate in the iloiiuiiii of tlie model No siiuiv 
melliiig took place in any case 

.4s can be seen, llie liydroijeu peroxide is llie iiiaiii oxidant, tven ill tlie run 3, with loiv lljOj conlenl, 
more SOj is oxidiied by lljOj then by osione llie beloiv cloud scaveneine was of secondary iiii|K>rtance, 
esiKrcially in sniiimer cases Coiiipartsoii of the results of the runs I and 3, with the sanu; microphysics (i e 
iiiicleatioli scavenginu) but dilfereiil osidaiit content, slioivs that in the suiiiniec case the oxiilatiou accounts 
for roughly 50% of the deposited sulphate, the remaining part coming from llie iiiicleation and below cloud 
scav.nging of aerosol llie effects of o.vidatioii were, even for run 3, signiflcanlly liiglier then those obtained 
by Niewiudouiski (11)811) for a field of Cn clouds, with a model with resolution of I km and lljOj renclion 
remuved. 'I'liis diiference rt;sulls, at least partly, from the lower coverage by clouds in (hat liK>del. 

During the two hours of atiliulation tlie oxidation consumed aliout 2% (nml), 7% (run 2), and 0.4% 
(run 3) of Ilu: SOj available in llie domain. 'Hie coiuuiiiption of ll-jOj was 4%, 11%, and 1% resiiectivily 

rile oxidatiou of NO and NOj accounted for about 50% of uA (aci.lity |iaraiiH'U r) pro<lurt;<l in llie 
m.«l. I in run I, 25%. iii run 2 and 7!)% in run 3 However only a fraclioii of Hi. iiA prialnceit in gas pbas.: 
by NOx oxidation can actually enter the ctoinl water and alfect the acidity of rain. Ilaiu di |»isil..il 1 Iti kg 
eipiiv of nitrate in run 1, 7b in mil 2 ami 03 in run 3. 

5. CONt-I.U.SIONS 
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rill' rliiiiiiiiil. iiiirrii|iliyairul miil iiiiiiiiliu |>nranii.-letnalioii nioiliik'9 c<>m|iIi'iI for lliis slii.ly provpd to 
I..- .Ill . ir..lin- linil f.» sdiilyiiig llii: ui.:!i,eKalf cffitcis of cuiiiiiliis ciniitis Afl.r riiillur iniproveiiii-iils the 
iiiMiliili.ft will l».: iiiroi'iioriiLril in • more Mi|iliislicftU-(l dynaitiical nioilel. 

\l,(}, WM Uii' iiiiitii nxiiianl in cuct sliiJieil. willi sulpliale proiliictioii slruiigly Jcpciidcnt on llie 
iiliiiiiouiit of II j()j uvailalili: SnlpliaU production was depended also on tlie ainiiKiiiiit of li.piid waler in the 
doiiiiiiii. NOx oxiitiilion vvnn of ticeondary importance in this study. 

Ilic nvirne'- «. rtical proliles of SO, in air and cloud waler are given FijO for rini I in 3U min inlcrvali. 
Tlir npwiird triins|iort of SO, is clearly seen. The profiles resenihle those obtained hy Nieiviadoiiiski (1966) 
for n pawiivc pollntuiil with a resolution of I kin. 



TAni.E2. 
The sulphate budget, kg equivalents. 
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rrodiiced by SO, oxidation: 
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